The accumulation of non-heme iron in the brain has been proposed as a harbinger of neural and cognitive decline in aging and neurodegenerative disease, but support for this proposal has been drawn from cross-sectional studies, which do not provide valid estimates of change. Here, we present longitudinal evidence of subcortical iron accumulation in healthy human adults (age 19 -77 at baseline). We used R2* relaxometry to estimate regional iron content twice within a 2 year period, measured volumes of the striatum and the hippocampus by manual segmentation, and assessed cognitive performance by working memory tasks. Two-year change and individual differences in the change of regional volumes, regional iron content, and working memory were examined by latent change score models while taking into account the age at baseline and metabolic risk indicators. Over the examined period, volume reduction occurred in the caudate nucleus and hippocampus, but iron content increased only in the striatum, where it explained shrinkage. Higher iron content in the caudate nucleus at baseline predicted lesser improvement in working memory after repeat testing. Although advanced age and elevated metabolic syndrome risk were associated with greater iron content in the putamen at baseline, neither age nor metabolic risk influenced change in any variable. Thus, longitudinal evidence supports the notion that accumulation of subcortical iron is a risk factor for neural and cognitive decline in normal aging.
Introduction
The magnitude of age-related changes in the brain and cognition varies across brain regions and cognitive domains (Raz and Kennedy, 2009 ). However, for the lack of in vivo assessment of cellular processes, the mechanisms of differential age-related changes are poorly understood. This limitation may be mitigated by interrogating relevant proxy markers, such as the amount of free non-heme iron. Although non-heme iron is necessary for synthesis of adenosine triphosphate (ATP) in mitochondria (Mills et al., 2010) and myelination (Todorich et al., 2009) , its excessive accumulation promotes neurodegeneration via inflammation (Haider et al., 2014) and oxidative stress (Zecca et al., 2004; Mills et al., 2010) . Surplus non-heme iron was hypothesized as a harbinger of brain shrinkage and cognitive declines (Harman, 1956) , and older brains revealed greater iron content, especially in the basal ganglia (Hallgren and Sourander, 1958) . The proposition by Harman (1956) became testable in vivo as magnetic resonance imaging (MRI) studies revealed regional age-related differences in brain iron (Daugherty and Raz, 2013) . In contrast to established age differences in brain iron, little is known about its accumulation over time. Two-year increases in estimated iron content of the putamen and globus pallidus, but not of the other basal ganglia, were observed in a small sample of younger and middle-aged adults (Walsh et al., 2014) , and in another small-scale study, middle-aged and older adults evidenced no change in striatal iron content (Ulla et al., 2013) .
Cross-sectional investigations linked increased subcortical iron content with poor memory (Bartzokis et al., 2011) , low general cognitive aptitude (Penke et al., 2012) and mental slowing (Pujol et al., 1992; Sullivan et al., 2009) . Increased iron content and small hippocampal volume conjointly contribute to age differences in memory (Rodrigue et al., 2013) . However, for the lack of longitudinal investigations of brain iron, brain volume, and cognition, it is unclear whether these findings reflect age-related changes.
The associations between age, brain, and cognition are complicated by mutually dependent age-related modifiers, including vascular risk, metabolic deficits, and inflammation (Franklin et al., 1997; Grundy et al., 2005; Finch and Morgan, 2007) . Vascular and metabolic risk factors are linked to increased iron content (Raz et al., 2007; , smaller regional volumes (Salerno et al., 1992; Raz et al., 2003; Shing et al., 2011; Cherbuin et al., 2012) , accelerated hippocampal shrinkage (Korf et al., 2004; , and executive function deficits (Apter et al., 1951; Waldstein et al., 1991; Dahle et al., 2009 ). These factors should be considered in investigating the role of iron in the brain and in cognitive aging.
The main goal of this longitudinal study was to address the limitations of the cross-sectional studies and to estimate changes in regional iron content, as well as their relationship with regional shrinkage and cognitive performance, while accounting for metabolic and vascular risk. We hypothesized that changes in regional iron content and regional shrinkage would be linked to changes in age-sensitive abilities, working memory and episodic memory (Salthouse, 1996; Braver and Barch, 2002) , with their effects on cognitive performance modified by metabolic risk.
Materials and Methods

Participants
The participants were recruited from the Metro Detroit area for an ongoing longitudinal study of cognitive and neural correlates of aging. The study was approved by the Institutional Review Board, and all participants provided informed consent. Participants were healthy adults [n ϭ 125 at baseline (88 female), n ϭ 78 at 2 year follow-up (54 female); age, 19 -77 years at baseline] who were assessed twice within 2 years (average delay between assessments, 25.07 months; SD ϭ 2.11). See Figure 1 for the details of selection and attrition.
Participants were interviewed and screened for history of neurological and cardiovascular disease, thyroid disorders, psychiatric disease, drug and alcohol abuse, and head injury with loss of consciousness. Participants reported right-hand dominance (Edinburgh Handedness Questionnaire; Oldfield, 1971) and were screened for vision and hearing problems at each assessment. For inclusion at baseline, participants had to score at least 26 on the Mini-Mental State Examination (MMSE; Folstein et al., 1975) and Ͻ16 on the Center for Epidemiological Studies Figure 1 . A flow chart depicting recruitment, sample selection, and attrition. A, Recruitment. Persons who answered the ads were contacted by telephone, interviewed, and selected and received detailed health questionnaires. B, Selection. The number of participants who passed the initial health screening and subsequent screening for MRI eligibility were scanned on the 4T scanner, did not have incidental findings, and did not develop exclusionary conditions or acquire MRI contraindications in the course of the longitudinal study. C, Attrition. The numbers of participants who were unable to start baseline measurements despite full eligibility and those who had baseline measurements but did not return at the 2 year follow-up are shown. For details of exclusionary criteria and screening instruments, see Materials and Methods.
Depression Scale-Revised (CES-D; Radloff, 1977) . These screening measures were repeated at each assessment. Inclusion criteria allowed for current prescriptions of antihypertensive and cholesterol-reducing medications: by the 2 year follow-up, 8 participants were on ␤-blockers, 6 on other antihypertensive medications, and another 11 on statins.
The longitudinal data were acquired on a 4T scanner (see below for details). An additional 30 cases scanned on a 3T scanner at baseline were not included in the analyses because of the dependence of T2* on magnetic field strength. Of the participants scanned on the 4T scanner, 17 were removed from the sample for the development of exclusionary health conditions in the course of study, and 9 were removed as multivariate outliers. This resulted in a baseline sample of n ϭ 125. The 26 cases that were removed did not differ from the retained baseline sample in age (t (149) ϭ Ϫ0.59, p ϭ 0.56), MMSE (t (149) ϭ 0.67, p ϭ 0.50), CES-D (t (149) ϭ Ϫ0.04, p ϭ 0.97), or years of education (t (149) ϭ 0.05, p ϭ 0.96). After 2 years, 78 participants of the original baseline sample returned for repeat testing. The returning participants were older at baseline than those who had left the study (t (125) ϭ Ϫ2.23, p ϭ 0.03) but did not differ in baseline MMSE (t (125) ϭ Ϫ1.41, p ϭ 0.16), CES-D (t (125) ϭ Ϫ0.04, p ϭ 0.97), or years of education (t (125) ϭ Ϫ0.18, p ϭ 0.86). For details on attrition, see Figure 1 . To maintain statistical power and reduce bias in estimating change, cases with data missing at follow-up were retained, and missing data were accounted for in the estimation via full information maximum likelihood (FIML; Muthén et al., 1987) . The FIML method does not impute missing data but instead harnesses all available information in estimating latent effects and manifest measurement error and addresses missing data in the context of the tested hypotheses. This approach preserves the original sample size and is a robust way of handling missing data in multilevel models (Larsen, 2011) , as presented here. Because attrition of participants between the occasions correlated with baseline age, inclusion of this variable in the models partly mitigated the problem of data that is missing not completely at random.
Regional T2* relaxometry
Iron content was estimated in vivo with T2* relaxometry. The method is based on iron's strong paramagnetic properties that create local susceptibility effects proportional to the amount of iron-containing particles (Wood et al., 2004; Ghugre et al., 2005; Haacke et al., 2010) . The addition of the susceptibility component (R2Ј) to the transverse relaxation rate (R2) produces a general relaxation rate index, R2* ϭ R2 ϩ R2Ј. The inverse index, T2* ϭ 1/R2*, is frequently used to describe the total transverse relaxation process, and T2* relaxation times are negatively correlated with iron concentrations (Gomori and Grossman, 1993; Thomas et al., 1993) . On T2*-weighted images, iron-rich regions appear dark, and differences in iron content can be measured by relative differences in image intensity values. T2* is a popular research tool that has been used in multiple studies of healthy aging and has been found equivalent to more direct methods of estimating local iron content (for review, see Daugherty and Raz, 2013) .
Imaging parameters. The multiecho susceptibility weighted image (SWI) sequence was acquired on a 4T Varian scanner (Bruker Biospin) equipped with a Siemens interface. The multiecho SWI gradient-echo images were acquired in the axial plane with the following parameters: 1 mm 3 isotropic voxel; four echo times (TE) of 7.53-30 ms with an interecho interval of 7.5 ms; repetition time (TR), 35 ms; flip angle (FA), 25°; bandwidth, 200 Hz; field of view (FOV), 256 ϫ 208 mm 2 . Postacquisition processing and demarcation of regions. After acquisition, all images were processed in SPIN (Signal Processing in NMR), an inhouse written software freely available at http://www.mrc.wayne. edu/download.htm. During postacquisition processing, all images were interpolated to 1 ϫ 1 ϫ 1.5 mm, which improved the signal-to-noise ratio. Noise was further filtered from measurements by applying a threshold that selectively isolated intensity values corresponding to image inhomogeneity. T2* maps were interpolated to common space and estimated by a maximum-likelihood fit function for exponential decay dependent on TE. All boundaries were manually traced by a single rater (A.M.D.) for each selected region of interest (ROI): hippocampus (Hc), caudate (Cd), and putamen (Pt). The regions were selected based on the extant literature that reports moderate to large age differences in the basal ganglia T2* (Daugherty and Raz, 2013) and implicates Hc iron in agerelated memory differences (Rodrigue et al., 2013) .
Hippocampus. The Hc iron content was estimated from five to seven contiguous slices, beginning with the slice on which the Hc was clearly visualized apart from the temporal cortex and dorsal with respect to the brain stem nuclei and ending at the slice on which the splenium of the corpus callosum was clearly visualized. The measurement range primarily represented the body and posterior tail portions of the formation, whereas the anterior portion of the Hc formation was excluded because of poor visualization in the axial plane.
Caudate nucleus and putamen. The Cd was demarcated, and its iron content was estimated from six to eight contiguous slices, beginning with the first slice on which the Cd was clearly visualized adjacent to the ventricle and terminating on the last slice on which the thalamic nucleus was still identifiable. The measurements excluded the tail of the caudate. The Pt was measured on five to seven contiguous slices, beginning with the first slice on which the Cd was visualized and terminating when the Pt was no longer clearly identifiable.
Boundaries were marked with a pen stylus on a 21 inch digitizing tablet (Cintiq; Wacom) on the first echo image used as an anatomical reference and copied onto the T2* map, thus avoiding any potential coregistration errors and distortions (see Fig. 2 for examples of manual tracings). For each ROI, T2* was estimated as the mean across all slices on which a given ROI was traced. Rater reliability was established in a random subsample of 10 cases traced twice with a delay of 2 weeks. For all selected ROIs, the intraclass correlation coefficient [ICC(3); Shrout and Fleiss, 1979] exceeded 0.90 for average T2* measures.
To avoid possible bias in the segmentation of regional volumes from differences in image contrast (Lorio et al., 2014) , we performed a partial correlation analysis between T2* and area measures. Average T2* did not correlate with the ROI area when the mutual correlation with age was accounted for (all r values of Ϫ0.03 to 0.08; all p values Ն0.10), except for right Pt at follow-up, which was not significant after correcting for multiple comparisons (r ϭ Ϫ0.27; p ϭ 0.01; Bonferroni ␣Ј ϭ 0.004). T2* estimates of iron content were further validated by high agreement of the baseline regional values with postmortem measures of iron concentration reported across several reviewed studies [R 2 ϭ 0.86; median values from Haacke et al. (2005) ] and with age-based estimates after the lifespan postmortem study (R 2 ϭ 0.99) performed by Hallgren and Sourander (1958) . To aid interpretation, average T2* measures were converted to R2* (s Ϫ1 ) ϭ (1/T2*) ϫ 1000, for which larger R2* values were interpreted as greater iron content.
Regional volumetry
Imaging parameters. For volume measurements, we acquired MPRAGE (magnetization-prepared rapid gradient echo) T1-weighted images in the coronal plane. Acquisition parameters were as follows: 0.67 ϫ .67 ϫ 1.34 mm 3 voxel; TE, 4.38 ms; TR, 1600 ms; inversion time, 800 ms; FOV, 256 ϫ 256 mm 2 ; matrix size, 384 ϫ 384; FA, 8°. Postacquisition processing and demarcation of regions. In postacquisition processing, we followed procedures described in our previous studies . All image manipulations and measurements were made with Analyze software (version 10; Biomedical Imaging Resource, Mayo Clinic College of Medicine). Expert operators manually corrected differences in head tilt, pitch, and yaw of the head positioning.
The selected ROIs were manually traced on images aligned to optimize visualization of each region in the coronal plane. The Cd and Pt were measured from images that were resliced to be aligned perpendicular to the anteroposterior commissure line, whereas the Hc was measured from images that were resliced to be perpendicular to the long axis of the Hc. To correct the regional volumes for individual differences in body size, intracranial volume was measured on the axial images aligned by the anteroposterior commissure line. All volume measures were made by five expert raters who attained inter-rater agreement of at least 0.90 [ICC(2) formula that assumes random raters; Shrout and Fleiss, 1979] . Volumes were calculated as the sum area of the traced region multiplied by the slice thickness and adjusted for cranial size using the analysis of covariance approach (Jack et al., 1989). For a detailed description of all ROI volu-metry procedures, see our previous publications Persson et al., 2014) .
Blood biomarkers of cardiovascular and metabolic risk
Blood samples (20 cc) were collected by venipuncture from the participants after a 12 h overnight fast before MRI acquisition. The following circulating biomarkers were assayed in the collected samples: high-and low-density lipoprotein, total cholesterol, triglycerides, and fasting blood glucose. Samples were collected in serum separator tubes, centrifuged to separate plasma, and placed on ice. Blood glucose and the lipid panel were determined enzymatically. All analyses were performed at Detroit Medical Center laboratories.
A metabolic syndrome risk factor score (MetS) was computed from biomarker indices deemed relevant to metabolic syndrome (Grundy et al., 2005) : high-density lipoprotein cholesterol, total triglycerides, and glucose, as well as diagnosed or observed hypertension. All the measurements were treated as continuous variables, except for observed hypertension that was categorical (see Table 1 for descriptive statistics of the circulating biomarkers). The four indicators were used to identify a latent MetS risk factor construct, in which higher scores corresponded to increased risk.
Working memory assessment
At baseline and follow-up, participants completed four working memory measures (two verbal and two nonverbal tasks) as part of a larger battery administered in the study. The four indices of working memory were used to form a latent construct for verbal and nonverbal working memory, allowing analyses on the level of a broad ability rather than individual tests.
Verbal working memory. The two verbal working memory measures were listening span (LSPAN; Salthouse and Babcock, 1991) and a verbal N-back task (Dobbs and Rule, 1989; Hultsch et al., 1990 ). During the LSPAN task, participants were required to answer simple questions about a sentence while simultaneously remembering the last word of the sentence. Sentences were presented in blocks of three trials, beginning with one test item per trial up to seven items per trial. An item was correct when the participant correctly answered the item question and recalled the word in the correct order as presented. Performance was scored as the sum total number correct across all trials (absolute span). This index was chosen because it presents more individual variability than simple span but reduces chance error that is included in total span (Engle et al., 1992) . The estimated reliability of this measure is 0.90 (Salthouse and Babcock, 1991) .
In the verbal N-back task, a randomly ordered string of digits was presented to the participant, who was required to report the digit in the nth position pressing a relevant key on the keyboard number pad. String lengths varied from five to nine digits, and each digit was presented for 1500 ms. A screen prompting the participant's response immediately followed the last digit presented in the string. The stimuli were grouped in three blocks of 20 trials each. In one block, the participant reported the last digit seen (n position); in the next block, the digit before the last (n-1); and in the third block, the n-2 position. The order of block presentation was counterbalanced between individuals and across follow-up assessments. Performance was modeled as the number of errors in the n-2 condition, as the other conditions are vulnerable to ceiling effects. The estimated reliability for this task is 0.91 .
Nonverbal working memory. Nonverbal working memory was measured with spatial recall and N-back tasks. The spatial recall measure was a computerized task modified from a task described by Salthouse (1994) . Task stimuli were seven target squares within a 5 ϫ 5 matrix that were marked with solid orange coloring. The configurations of target squares were randomly chosen, without repetition across trials. Each matrix was presented in the center of the screen for 3000 ms. Participants were instructed to memorize the locations of the target squares and, after the presentation, to mark the seven target squares each with an "X" in a 5 ϫ 5 matrix provided as a printed test sheet. Performance was measured as Figure 2 . Examples of manual tracings for R2* relaxometry and volumetry. For R2*, each ROI was manually traced on an anatomical reference image (first echo) and copied to T2* maps. On the T2*-weighted images, voxels representing high magnetic susceptibility (i.e., iron) are visualized with dark intensity. R2* measures were calculated as the reciprocal of T2* as measured from the image intensity. Noise was removed from measurements by applying a threshold. For volumetry, each ROI was manually traced on T1-weighted MPRAGE images aligned to optimize visualization of each structure in the coronal plane. See Materials and Methods for details. Blue, Caudate nucleus; green, putamen; red, hippocampus. the average number of correct recalled items across 25 trials. The estimated reliability of this task is 0.67 (Salthouse, 1994) . The second nonverbal working memory measure was an N-back task (Dobbs and Rule, 1989; Hultsch et al., 1990 ) with stimuli selected from Kroll and Potter (1984) norms. Items were selected to minimally resemble real objects (mean rating, 5.89; 1, very much like a real object; 7, nothing like a real object). As in the verbal N-back task, there were three blocks of trials with 20 trials each. Items were presented for 2000 ms in strings varying in length from five to nine items. Participants were asked to report the items in the nth, n-1, and n-2 positions. Participants reported items using a keypad to indicate the item as shown on a prompt screen immediately after the last item of each string. The performance index was the number of errors in the n-2 position. The estimated reliability for this task is 0.88 .
Episodic memory assessment
Episodic memory (EM) was assessed by the logical memory subtest of the Wechsler Memory Scale-Revised (Wechsler, 1987) . The stimuli were two short stories presented orally. Immediately after each story, participants were asked to recall the story in as much detail as possible. After a 20 min delay, participants were asked to recall each story in detail again, without cues. Both immediate and delayed free recall was scored by the standardized protocol for total number of correct details (maximum, 50). The same stories were repeated at the 2 year follow-up. In the longitudinal latent modeling, the immediate and delayed free recall scores at baseline and at the 2 year follow-up were used to identify a general EM latent construct for each time point (similar to Rodrigue et al., 2013) .
Statistical analyses
Longitudinal structural equation modeling. To meet the assumption of normality, before latent model construction, univariate outliers in memory, blood markers, and anatomical measures were identified by examining univariate distributions, Tukey's boxplots, and z-scores. Outlier screening procedures were repeated sequentially to limit the bias of an outlier case in the assessment of the whole sample and were conducted at each occasion separately and with consideration of autocorrelations across time. A datum that was identified as a univariate outlier was winsorized with respect to the 95% confidence intervals (CIs) of that data distribution. After this procedure, all data were normed to baseline measures for the purpose of the analyses. Hypotheses were tested in a series of latent change score models (LCSMs; McArdle and Hamagami, 2001 ) that were fitted to the longitudinal data. The LCSM simultaneously estimates individual differences in cross-sectional measures and in longitudinal change, as well as multivariate interactions to potentially explain the individual differences. The LCSM is conceptually like a traditional change score that is calculated as the difference between follow-up and baseline. However, unlike average raw scores, LCSM explicitly estimates measurement and latent factor error, and thus individual differences are not conflated with measure unreliability (McArdle, 2001 ). See Figure 3 for an example of LCSM construction.
LCSMs were estimated in Mplus software (version 5.1) with a full-information maximum likelihood (FIML) method previously used in multiple longitudinal investigations . Latent change was a second-order latent variable formed from baseline and follow-up latent variables. For regional brain measures, each baseline and follow-up latent variable was created from two manifest indicators, one for each hemisphere. For R2* and volume in all regions, equal variance was specified across the two hemispheres and across time, which accounted for differential stability of regional measures between measurement occasions. Furthermore, righthemisphere factor loading was constrained to be equal across time, as were the within-hemisphere correlations. A similar modeling approach was taken with the latent factors of metabolic syndrome, episodic memory, and working memory, using the respective measures at baseline and follow-up. There were a few exceptions: verbal and nonverbal working Figure 3 . Example of a latent change score model for change in regional volume (Vol). An identical model was used for regional R2* measures, and the same modeling approach was applied to working memory and metabolic syndrome risk constructs. The asterisk indicates a cross-time constraint, and coefficients set to 1 were used to identify the latent factors and to compute latent change. ␤, Mean effect at baseline; ␣, variance at baseline; ␦, mean change; ␥, variance in change; , covariance of baseline effect with change after 2 years. memory measure correlations across time were not constrained to be equal across tasks, and hypertension status as part of the latent MetS factor was not correlated across time. All residuals were set to be time invariant. Thus, simple effects models that estimated longitudinal change in a single factor were created.
For those effects that demonstrated significant longitudinal mean change and variance in change, additional parallel process models were estimated to evaluate whether change in one factor predicted change in another factor, including time-invariant covariates (i.e., baseline age, sex). Within parallel process models, the indirect effect of baseline iron content on regional shrinkage through change in iron was tested according to the James and Brett (1984) method, in which a significant effect is sufficient to support an indirect relationship via the specified intermediate variable(s). In this way, we tested whether baseline iron content predicted shrinkage after 2 years, while accounting for the commonality between contemporaneous change in R2* and volume of the same region.
While constructing the parallel process model, we tested alternate regression and correlation paths between regional measures of iron and volume for significance and model fit, and if no iteration was significant, then the respective pathway was removed from the model (i.e., constrained). The nominal significance level was set at p ϭ 0.05, and Bonferroni correction was used to adjust for multiple comparisons (Bonferroni ␣Ј). To avoid spurious results in a relatively small sample, simple effects models and indirect effects were bootstrapped with bias correction (5000 iterations of the whole sample; Hayes and Scharkow, 2013) to estimate 95% CIs. Model fit was determined by an assortment of recommended indices (Raykov and Marcoulides, 2006): normal theory weighted 2 statistic (a nonsignificant value indicates good fit); root mean square error of approximation (RMSEA; a value Յ0.05 indicates excellent fit); comparative fit index (CFI; values exceeding 0.90 indicate excellent fit); standardized root mean residual (SRMR; Ͻ0.05 supports good fit) or, for models with categorical variables, weighted root mean square residual (WRMR; Ͻ1.0 supports good fit).
Reverse-effects models. To examine the directionality of effects, i.e., the precedence of iron accumulation before shrinkage and subsequent cognitive decline, the structural regression pathways were reversed. If the reverse-effects models fit worse than the models with hypothesized direction of the paths and the reverse effects are not significant, then the directionality of the hypothesized effects can be interpreted with greater confidence. Otherwise, if the models with opposite path directions fit equally well, only a more limited statement of association without implication of directionality can be made.
Results
Two-year shrinkage and accumulation of iron
The stability of R2* measurements within the striatum was moderate in Cd (for each hemisphere, r Ն 0.58, p Ͻ 0.001) and Pt (each, r Ն 0.65, p Ͻ 0.001) and significant, but limited, in Hc (each, r Ն 0.31, p Ͻ 0.01). Regional volumes evidenced excellent stability of measurements between two measurement occasions in Cd (each, r Ն 0.96, p Ͻ 0.001), Pt (each, r ϭ 0.90, p Ͻ 0.001), and Hc (each, r Ն 0.87, p Ͻ 0.001). The differential stability of R2* and volumetry in each region was accounted for in the models that estimated change in each measure.
Changes in regional iron and volume were estimated in simple effects latent change score models, without covariates. All simple effects models had excellent fit: 2 Յ 10.08, p Ն 0.18; RMSEA Յ0.06; CFI Ն 0.99; SRMR Ͻ 0.03. Iron content significantly increased in the striatum (Table 2 ), but not in the Hc (mean change, Ϫ0.14; p ϭ 0.25). The increase in iron in the Pt was equal to that in the Cd (Steiger Z* ϭ Ϫ0.33; p ϭ 0.75). Despite the observed mean change, the rank order of regions by their average iron content remained the same: the Pt and Cd had greater iron content than the Hc (all p values Ͻ0.001; Fig. 4) .
Whereas Pt volume did not change, the Cd shrunk significantly ( Table 2 ). The shrinkage of the Hc was nominally significant (mean change, Ϫ0.08; p ϭ 0.03; ␣Ј ϭ 0.02), but the effect did not survive correction for multiple comparisons (Table 2) . Nonetheless, the magnitude of shrinkage did not differ across the regions (all Steiger Z* Յ Ϫ0.59; p ϭ 0.55). Individual trajectories of change in striatal and hippocampal volumes and R2* are depicted in Figure 5 . Significant individual differences in regional iron content and volume of the striatum and Hc (variance in change, Ն0.02; all p values Ͻ0.01) justified further analyses seeking factors that account for the observed variability. Therefore, additional latent change score models were estimated to test whether the increases in iron content preceded decline in regional volumes. The models included baseline age, the MetS risk factor, and the length of delay between baseline and follow-up as covariates. Sex was tested as an additional covariate but did not account for individual differences in striatal or Hc regional measures (all p values Ն0.05; ␣Ј ϭ 0.02) and reduced model fit. Therefore, sex was removed from the final models. (␤ ϭ Ϫ0.29, p ϭ 0.001; ␣Ј ϭ 0.03), and the same effect in the Pt was a nonsignificant trend (␤ ϭ Ϫ0.24, p ϭ 0.05; ␣Ј ϭ 0.03). Individual differences in baseline volumes were unrelated to the rate of shrinkage in either the Cd (r ϭ 0.02, p ϭ 0.29) or Pt (r ϭ Ϫ0.09, p ϭ 0.12).
Accumulation of iron is associated with regional shrinkage
Advanced age was associated with more iron in the Pt (r ϭ 0.31, p ϭ 0.002; ␣Ј ϭ 0.02) and smaller Pt volumes (␤ ϭ Ϫ0.58, p Ͻ 0.001; ␣Ј ϭ 0.02) at baseline. The association between age and Pt baseline volume was larger than that of age and Pt baseline iron content (Steiger Z* ϭ Ϫ2.90, p ϭ 0.004). In the Cd, older Figure 5 . Individual change trajectories in volume (adjusted for intracranial volume and summed across the hemispheres) and iron content (R2* averaged across the hemispheres) in the caudate, putamen, and hippocampus as a function of baseline age. Longer R2* is interpreted as greater iron content. Gray circles represent winsorized data points. A1, A2, In the caudate, regional mean change and individual differences in change in iron and volume were significant ( p Յ 0.02; ␣Ј ϭ 0.02). B1, B2, In the putamen, change in iron content was significant ( p Յ 0.02; ␣Ј ϭ 0.02), but not change in volume; however, there were significant individual differences in both measures ( p Յ 0.02; ␣Ј ϭ 0.02). C1, C2, In the hippocampus, iron content did not change, and the change in volume was nominally significant ( p ϭ 0.03; ␣Ј ϭ 0.02), but individual differences in longitudinal stability of both measures were significant ( p Յ 0.02; ␣Ј ϭ 0.02).
adults had more baseline iron (r ϭ 0.52, p Ͻ 0.001; ␣Ј ϭ 0.02) and smaller baseline volumes (r ϭ Ϫ0.53, p Ͻ 0.001; ␣Ј ϭ 0.02). Furthermore, there was an indirect association between baseline iron content and shrinkage of the Cd (indirect effect, 0.03, p ϭ 0.018; ␣Ј ϭ 0.03; bias-corrected bootstrapped 95% CI, 0.01/0.06): greater iron content at baseline predicted greater shrinkage after 2 years. A similar effect in the Pt was nominally significant but did not survive correction for multiple comparisons (indirect effect, 0.10, p ϭ 0.04; ␣Ј ϭ 0.03; bias-corrected bootstrapped 95% CI, Ϫ0.005/0.28).
In contrast to the striatum, baseline iron content in the Hc was unrelated to shrinkage. Hc iron content was not associated with volume at baseline (r ϭ 0.002, p ϭ 0.98), nor were individual differences in stability of Hc iron content linked to Hc shrinkage over time (␤ ϭ Ϫ0.07, p ϭ 0.28). Advanced age was associated with greater iron content in the Hc at baseline (r ϭ 0.25, p ϭ 0.017; ␣Ј ϭ 0.02) and with smaller baseline volume (r ϭ Ϫ0.35, p Ͻ 0.001; ␣Ј ϭ 0.02). However, unlike the striatum, baseline hippocampal measures were unrelated to subsequent change in iron content (r ϭ Ϫ0.17, p ϭ 0.11) or volume (r ϭ Ϫ0.01, p ϭ 0.81). Therefore, age was associated with differences at baseline, but this did not account for variability in change over time.
Association of cardiovascular and metabolic risk with iron content at baseline
The impact of health risk on change in the brain indices was modeled as MetS, a latent factor constructed of metabolic syndrome risk indicators. The MetS factor score was stable across time (mean change, 0.12, p ϭ 0.18; bias-corrected bootstrapped 95% CI, 0.03/0.33), and in the interest of parsimony, only the baseline factor was included and treated as a time-invariant covariate.
Advanced age was associated with a higher MetS factor score (r ϭ 0.51, p Ͻ 0.001), and men had a higher score than women did (Ϫ0.48, p Ͻ 0.001). A higher MetS factor score was associated with greater baseline iron content in the Pt (␤ ϭ 0.72, p ϭ 0.01; ␣Ј ϭ 0.03) but not with differences in baseline volume (r ϭ 0.005, p ϭ 0.91; ␣Ј ϭ 0.03). The MetS factor score partially accounted for differences at baseline but did not explain variability in change in iron (indirect effect, Ϫ0.18, p ϭ 0.12). When the effect of MetS on Pt iron was not accounted for in the model, the association between longitudinal iron accumulation and shrinkage was reduced (␤ ϭ Ϫ0.02, p ϭ 0.78). The MetS factor score was unrelated to measures of the Cd (all p values Ն0.07; ␣Ј ϭ 0.03) or Hc (all p values Ն0.35; ␣Ј ϭ 0.03); therefore the MetS factor was removed from the final models testing effects in these regions. . The associations between iron content and volume change in the caudate nucleus and changes in verbal working memory. Standardized latent factor scores for each latent variable were extracted from the final model and, therefore, reflect measures that are free of error and residualized on covariates (baseline age, interval between measurement occasions, and control between baseline measures and longitudinal change). Prediction limits and 95% confidence limits are shown for the regression lines. A, Longitudinal increase in iron content is associated with decrease in volume after 2 years. Positive values of change in iron content correspond to an increase over time, and negative values of change in volume indicate shrinkage. B, Greater iron content in the caudate nucleus at baseline predicted lesser repeated-testing gains in verbal working memory after 2 years. Baseline measurements were normed before model estimation, and increasing values of latent baseline iron correspond to greater iron content; positive values of latent change in verbal working memory indicate improvement in performance after 2 years.
Repeated-testing gains in working memory and regional iron and volume
Working memory was assessed in verbal and nonverbal domains. Simple effects models for change in working memory fit well: all 2 values Յ9.02, p Ն 0.17; RMSEA Յ0.06; CFI Ն0.98; SRMR Յ0.06. Nonverbal working memory did not change (mean change, 0.06, p ϭ 0.30; bias-corrected bootstrapped 95% CI, Ϫ0.04/0.16), nor was there significant variability in change ( ϭ 0.01, p ϭ 0.93). Therefore, this construct was not considered in the remainder of the analyses.
Verbal working memory significantly improved within 2 years (mean change, 0.28, p Ͻ 0.001; bias-corrected bootstrapped 95% CI, 0.17/0.38), and individuals varied in verbal working memory at baseline ( ϭ 0.55, p Ͻ 0.001) but not in the magnitude of change ( ϭ 0.04, p ϭ 0.60). Advanced age was associated with poorer verbal working memory at baseline (r ϭ Ϫ0.40, p Ͻ 0.001), although baseline differences in verbal working memory were unrelated to subsequent change (r ϭ 0.12, p ϭ 0.10). As a unique effect, greater baseline iron content in the Cd was associated with lesser improvement in working memory after 2 years (␤ ϭ Ϫ0.18, p ϭ 0.01; Fig. 6B ). Differences in working memory gains were unrelated to baseline Cd volume (␤ ϭ Ϫ0.02, p ϭ 0.83), change in volume (r ϭ Ϫ0.02, p ϭ 0.16), or change in iron (r ϭ Ϫ0.04, p ϭ 0.46). The final model excluded nonsignificant pathways, and this model of baseline Cd iron predicting 2 year change in verbal working memory had excellent fit: 2 ϭ 90.44, p ϭ 0.16; RMSEA ϭ 0.04; CFI ϭ 0.99; SRMR ϭ 0.07. Additional models of Pt and Hc measures predicting change in verbal working memory were also assessed. Change in verbal working memory was unrelated to iron or volume measures in the Pt (all p values Ն0.52) or Hc (all p values Ն0.17); therefore, verbal working memory was removed from the final models estimating effects in these regions. See Figure 7 for final models of each region.
Individual differences in the stability of episodic memory were unrelated to iron and volume The EM latent factor was constructed from two indicators of free recall, measured immediately after the story and after a 20 min delay. The simple effects model of latent change in EM had excellent fit: 2 ϭ 1.04, p ϭ 0.90; RMSEA ϭ 0.00; CFI ϭ 1.00; SRMR ϭ 0.01. EM did not change after 2 years (mean change, Ϫ0.02, p ϭ 0.82; bias-corrected bootstrapped 95% CI, Ϫ0.14/0.10), but participants varied in the degree of longitudinal stability ( ϭ 0.52, p Ͻ 0.001) and showed individual differences at baseline ( ϭ 0.93, p Ͻ 0.001). Therefore, additional parallel process models were estimated to test for longitudinal change in regional iron and volume to account for individual differences in the longitudinal stability of EM.
All parallel process models that included regional brain measures and EM fit well 
Reverse-effects models
To test the directionality of effects, i.e., the precedence of iron accumulation before shrinkage and subsequent cognitive decline, the structural regression pathways were reversed. All reverseeffects models fit worse than the hypothesized models: all 2 values Ͼ99.83, p Յ 0.04; RMSEA Ն0.05; CFI Ͻ0.98; SRMR ϭ 0.08; WRMR Ն0.78. Moreover, the reverse path of change in iron regressed on change in volume was not significant in the Cd ( p ϭ 0.25) and Pt ( p ϭ 0.11), and the reverse path between change in verbal working memory and baseline Cd iron was also not significant ( p ϭ 0.45). Finally, to confirm that winsorizing outliers did not bias the outcomes of the analyses, all models were reassessed with the original data. All reported effects remained significant (all p Յ 0.04), except for the indirect effect in the Pt of baseline iron predicting change in volume, which was nominally significant but became a nonsignificant trend when estimating with the uncorrected data ( p ϭ 0.09).
Discussion
Long ago, Harman (1956) posited free non-heme iron as a major factor in neural and cognitive aging. Others have elaborated on this proposition (Schenck and Zimmerman, 2004; Bartzokis, 2011) , but until now, the support for this hypothesis was limited to inference exclusively from cross-sectional studies. Here, we demonstrate that in normal adults, a longitudinal increase in striatal iron content over 2 years affects striatal volume and cognitive performance.
Whereas we replicated the previous findings of age differences in iron content and volume of the caudate nucleus, putamen, and hippocampus (Raz and Kennedy, 2009; Daugherty and Raz, 2013) , as well as greater brain iron content in persons with vascular risk , our findings illustrate the discrepancy between inferences drawn from crosssectional and longitudinal observations. Moreover, application of latent change score models allowed us to investigate individual difference in iron accumulation over time and potential determinants of individual variation. In contrast to the inference based on cross-sectional comparisons in the extant literature (Cherubini et al., 2009; Rodrigue et al., , 2013 , in this sample, we observed no change in hippocampal iron content and no relationship between hippocampal iron and shrinkage over 2 years. The finding of greater estimated iron content in the putamen in persons with higher vascular-metabolic risk scores replicates and expands previous reports of group differences between hypertensive and normotensive individuals and obese and nonobese persons (Blasco et al., 2014) . Moreover, in accord with the latter study, we found a quantitative association between an index of metabolic health and regional iron content. Although the mechanisms behind these associations remain unclear, they may be plausibly linked to the reported reduction of cerebral blood flow that may impede delivery of necessary oxygen and nutrients (Grundy et al., 2005) , as well as factors needed for metabolizing iron (Hare et al., 2013) , in people with metabolic syndrome. In addition, as the brain vascular endothelium regulates brain iron transport (Deane et al., 2004) , a decrease in blood flow may exacerbate the slowing clearance of free iron within neurons and neuropil, thus increasing the likelihood of oxidative stress and subsequent cellular damage. As we observed, even subclinical reduction in metabolic-vascular health increased iron Figure 7 . Final parallel process latent change score models of the effects in each region: A, caudate nucleus; B, putamen; C, hippocampus. Only the latent models are shown, and all specified effects are significant; the measurement models are not shown, and cross-time correlations between measurements were estimated as covariates that are not shown here. Latent change scores are shaded light gray, and the baseline iron factor is dark gray. Dashed lines indicate nonsignificant pathways that were maintained for covariate control. A, Greater baseline iron content in the caudate is indirectly associated with shrinkage (indirect effect, 0.03; p ϭ 0.02) and predicts lesser repeated-testing gains in verbal working memory after 2 years. B, Greater baseline iron in the putamen was indirectly associated with shrinkage after 2 years (indirect effect, 0.10; p ϭ 0.04), and greater baseline iron content is associated with increased MetS risk. C, Iron is not related to volume measures in the hippocampus. ⌬, latent change; VWM, verbal working memory. content in the Pt, which in turn increased the likelihood of shrinkage.
Although greater iron content at baseline accounted for greater shrinkage in the striatum after 2 years, it did not predict faster accumulation of iron during the same period. To the contrary, people with higher iron content tended to show lesser change over a 2 year period. Thus, elevations in vascular-metabolic risk may increase the risk for iron accumulation and related atrophy, but decline in a rigorously selected sample of healthy adults may be constrained by a threshold that likely distinguishes aging from disease (Zecca et al., 2004; Bartzokis, 2011; Walsh et al., 2014) .
Age-related iron accumulation has been proposed to account for cognitive declines (Zecca et al., 2004; Bartzokis et al., 2011; Bartzokis, 2011 ), yet the absence of longitudinal studies hampered the test of this proposition. With repeated-testing gains as an index of ability to acquire and retain information (Thorvaldsson et al., 2008) , we demonstrate that, at least for verbal working memory, Cd iron accumulation may be an important factor in change. In a cross-sectional study of an independent sample drawn from the same population and using the same general episodic memory task, we found mediation of increased iron on episodic memory decline through decreased hippocampal, but not caudate, volume (Rodrigue et al., 2013) . Notably, this contention was not supported by the longitudinal analyses, although age correlated at baseline with hippocampal iron, volume, and episodic memory. Furthermore, longitudinal estimates of change in striatal iron were larger than cross-sectional estimates (Li et al., 2013) , despite similar baseline age differences to cross-sectional reports (Daugherty and Raz, 2013) . These discrepancies are in accord with the proposition that cross-sectional studies provide a biased estimate of change, whereas longitudinal study is a more accurate portrayal of the gradual aging process (Maxwell and Cole, 2007; Raz and Lindenberger, 2010; Lindenberger et al., 2011) . The lack of change in hippocampal R2* was unlikely to reflect the modest stability of the measurements because of explicit estimation of error in the latent factors, which was an advantage of LCSM.
Our results suggest a complex chain of events in which advanced age, via multiple risk factors, brings about metabolic changes that result in a gradual increase in iron burden, which in turn promotes shrinkage of the most vulnerable regions (e.g., caudate nucleus) and affects the ability to process and retain verbal information. Although we found no evidence to support a reversed causality chain in this sample, it remains possible that changes in cognitive ability signal far-reaching behavioral declines that reciprocally affect vascular risk and brain health. To disentangle these complex factors, a long-term, multiwave longitudinal study is needed.
Regional differences in iron content may stem from metabolic demands of neural function. For example, an increase in striatal iron content may initially reflect a response to regional metabolic demands, such as dopaminergic transmission (Bäckman et al., 2006; Berg et al., 2007) , but eventually devolves into accumulation of the potent oxidant that sets a cascade of neural disruption and degradation (Zecca et al., 2004; Mills et al., 2010; Hare et al., 2013) . The reasons for this switch in cellular iron metabolism from benefit to detriment are unclear. It is plausible that agerelated energetic dysfunction is at the foundation of this phenomenon. Mitochondria that require iron for ATP synthesis are gradually failing, and their failure upsets the dynamic equilibrium of iron supply and demand, thus gradually moving the concentration of cellular iron to a progressively more dangerous level (Zecca et al., 2004; Mills et al., 2010; Hare et al., 2013) . Testing such a hypothesis is beyond the scope of this study but can be accomplished in the future by pairing a detailed assessment of metabolic dynamics with the evaluation of iron content.
The findings reported here should be interpreted in the context of the study limitations. First, R2* (or its reciprocal, T2*) is a sensitive, but not specific, measure of iron in the brain. Differences in R2* can be influenced by the accumulation of other elements , such as calcium, which may increase in subcortical regions with age (Naderi et al., 1993) and can be distinguished from iron only with phase-based MRI methods . Future longitudinal studies may benefit from including several iron imaging methods to allow potentially more sensitive and more specific measurements (Haacke et al., 2015) . Validity of R2* as an index of iron content may be also threatened by regional differences in myelination (Fukunaga et al., 2010; Langkammer et al., 2012; Lodygensky et al., 2012) , although myelin-related bias in estimates of age differences in striatal iron is likely negligible (Daugherty and Raz, 2013) . In contrast to the striatum, Hc may contain noniron components that affect R2*, e.g., myelin or amyloid (Quintana et al., 2006) . Indeed, the sensitivity of R2* to these intrinsic tissue characteristics may explain image inhomogeneity that required filtering before R2* estimation.
Second, having two longitudinal measures enabled an accurate estimation of linear change only (McArdle and Hamagami, 2001 ), although even a limited longitudinal design provides more valid estimates of change than cross-sectional comparisons. Future studies with more than three measurement occasions will be able to examine nonlinear change.
Third, the sample size was sufficient to test the hypotheses, but it was vulnerable to attrition: ϳ37% of the baseline sample did not return for longitudinal assessment, and the dropouts were younger than those who remained in the study. Although the possible bias of nonrandom attrition was addressed by including age in the models and by using the FIML estimation method, we cannot eliminate entirely the possibility that selective attrition influenced the results reported here. As this sample is part of an ongoing longitudinal study, in the future, we will examine change in regional iron with additional measurements and longer delays and attempt to reduce the attrition rate in subsequent assessments.
Finally, the observational longitudinal models without experimental manipulations cannot establish causality among factors. Intervention studies in animals support the precedence of iron accumulation to cognitive and neural decline (Zhang et al., 2009) , and our models that test this hypothesis represented the observed data well. Yet, for testing the temporal order hypothesis, a longitudinal study with multiple occasions is needed, and to what extent observational studies can assess causality remains questionable (Winship and Morgan, 1999; Rubin, 2005; Pearl, 2014a,b) .
Conclusion
This is the first longitudinal evidence for subcortical non-heme iron accumulation as a factor in cognitive aging. The results suggest that iron accumulation may precede striatal shrinkage, with increased metabolic risk moderating the relationship. Notably, increased iron deposition in the caudate is associated with lesser repeated-exposure gains in verbal working memory. Thus, high iron content may be a biomarker of neural and cognitive declines in normal aging.
